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PAGE) and show that ATP synthase is almost fully assembled in spite of the absence of subunits a and A6L.
This identiﬁes subunits a and A6L as two of the last subunits to complete the ATP synthase assembly. Minor
amounts of dimeric and even tetrameric forms of the large assembly intermediate were preserved under the
conditions of CNE, suggesting that it associated further into higher order structures in the mitochondrial
membrane. This result was reminiscent to the reduced amounts of dimeric and tetrameric ATP synthase from
yeast null mutants of subunits e and g detected by CNE. The dimer/oligomer-stabilizing effects of subunits e/
g and a/A6L seem additive in human and yeast cells. The mature IF1 inhibitor was speciﬁcally bound to the
dimeric/oligomeric forms of ATP synthase and not to the monomer. Conversely, nonprocessed pre-IF1 still
containing the mitochondrial targeting sequence was selectively bound to the monomeric assembly
intermediate in ρ0 cells and not to the dimeric form. This supports previous suggestions that IF1 plays an
important role in the dimerization/oligomerization of mammalian ATP synthase and in the regulation of
mitochondrial structure and function.+49 69 63016970.
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The mammalian oxidative phosphorylation system comprises four
respiratory chain complexes (respiratory complexes I–IV) that couple
the oxidation of NADH and FADH2 to vectorial proton transport across
the mitochondrial membrane [1], and F1FO-ATP synthase or mito-
chondrial complex V that uses the electrochemical potential across
the mitochondrial inner membrane to synthesize ATP [2]. The rotary
enzyme contains an extramembranous F1- and an intramembrane FO-
domain that are linked by peripheral and central stalks [3–7]. The
central stalk, containing F1-subunits γ, δ, and ε in mammalia and
yeast, is associated via subunit γ with a ring of FO-subunits c, and
constitutes the rotor in fully assembled ATP synthase [3,8]. Proton-
powered rotation of the c-ring makes the central stalk turn with it,
generating torque and conformational changes in the catalytic α3β3
domain of the F1-headpiece to synthesize ATP [8–11]. The interaction
of F1-domain and subunit c is rather stable in yeast, as evident from
crystallization of the F1-domain associated with a ring of 10 copies of
subunit c following dissociation of other subunits from the holo-ATP
synthase [8].Mitochondrial DNA can be gradually depleted from mammalian
cells by growth in the presence of low levels of ethidium bromide. The
resulting cells that still contain mitochondria but completely lack
mitochondrial DNA are called ρ0 (rho zero) cells. Human ρ0-cells can
be obtained from osteosarcoma cell line 143B,TK− [13]. Mitochondria
from ρ0 cells lack themitochondrially encoded subunits a and A6L and
the question arises if and at which stage ATP synthase assembly will
be affected.
In mitochondria of patients with impaired mitochondrial biosyn-
thesis and in human ρ0 cells, a stable F1–c subcomplex has been
identiﬁed [12]. Using digitonin for membrane solubilization and BNE
for separation of mitochondrial complexes from human ρ0 cells, an
F1–c subcomplex was the largest detectable assembly intermediate or
dead-end result of aborted ATP synthase assembly [12]. To discrim-
inate whether this subcomplex was indeed the dead-end result of
aborted ATP synthase assembly or whether some more weakly
associated subunits had not been detected because they were lost
during electrophoresis, we used CNE for membrane protein com-
plexes that is considerably milder than BNE [17,18]. CNE had already
been used successfully to search for assembly intermediates larger
than the F1 subcomplex in a null mutant of subunit a in Saccharomyces
cerevisiae, and minor amounts of a subcomplex containing subunits b
(Atp4p) and subunit d (Atp7p) of the peripheral stalk had been
identiﬁed in a large assembly intermediate [19].
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with the help of CNE, the ﬁrst aim of this study, would clearly indicate
a structural stabilization of the holo-complex by the two mitochon-
drial subunits. Identiﬁcation of dimeric or oligomeric assembly
intermediates and detailed analysis of the constituent proteins
could give further information on the role of subunits a and A6L in
dimerization and oligomerization of ATP synthase.2. Materials and methods
2.1. Growth of ρ0 cells and veriﬁcation of depletion of mitochondrial DNA
Human ρ0 cells lackingmitochondrial DNAwere derived from 143B,
TK− osteosarcoma cells (ATCC, CRL-8303) and grown as described [13].
Full depletion of mtDNA was ﬁnally veriﬁed by polymerase chain
reaction (PCR). Genomic DNA was isolated using NucleoSpin Tissue Kit
(Machery & Nagel), and mtDNA content was tested by PCR: Primers for
ampliﬁcation of a 399-bp product of mtDNA: 5´TTCACAAAGC-
GCCTTCCCCCGT and 5´GCGATGGTGAGAGCTAAGGTCGGG [20] span
the region of nt 3153–nt 3551 (accession number NC_012920.1). As a
reference, primers 5´AGTGTCTTAAGAGTAAAGCTGGCCACA and 5´
TTGCCTTTGTTGCATTTTCTACAG, spanning the region of exon 5 of gene
USMG5 (accession number NT_030059.13, nt 55953445–nt 55953207),
were used to amplify a 238-bp product of nuclear DNA. PCR was
performed in a total volume of 20 µl with 25 ng of genomic DNA as
template, 250 µMdNTPs (NewEngland Biolabs), 250 pMof each primer
and 2.5 U of Taq polymerase (Sigma). PCR conditions: denaturation at
94 °C for 30 s, primer annealing 30 s at 60 °C, elongation 60 s at 72 °C, 30
cycles in thermocycler (PeQSTAR 96 Universal Gradient, PeQ Lab
Biotechnologie GmbH). PCR products were loaded and separated to a
1% agarose/TAE gel. Mass calibration ladder was from New England
Biolabs. Imaging was performed with Chemi Doc XRS (Biorad).Table 1
Subunits of human ATP synthase from 143B and ρ0 cells identiﬁed by peptide mass ﬁngerp
Subunit Mature mass
(Da)
UniProt Mowse score
MALDI-MSa (MS/MS)b
143B ρ0
alpha 55,209.32 P25705 879 (611) 711 (446)
beta 51,769.25 P06576 908 (640) 795 (540)
gamma 30,165.73 P36542 198 (109) 110 (70)
delta 15,019.93 P30049 80 (62)
epsilon 5648.57 P56381
Su b or Atp4p 24,625.61 P24539 450 (216) 267 (114)
OSCP 20,875.49 P48047 585 (399) 403 (271)
Su a or Atp6p 24,817.21 P00846 75 (51)
Su d 18,360.02 O75947 351 (251) 199 (108)
Su e 7802.02 P56385 135 (42) 66 (0)
Su f 10,786.67 P56134 101 (82) 65 (48)
Su g 11,428.48 O75964 415 (365) 265 (188)
A6L or Atp8p 7991.65 P03928
Su c or Atp9p 7608.01 P05496
Q06055
P48201
F6 8960.15 P18859
MLQ 6662.04 P56378
AGP 6457.57 Q96IX5
MALDI-MS andMS/MS analysis used gel pieces from a 2D CN/SDS gel (protein columnsM an
residues); taxonomy, Homo sapiens (224,859 sequences); enzyme, trypsin; miss cleavage
methionine oxidation; mass accuracy, 60 ppm; fragment mass tolerance, 0.3 Da. LC–MS/MS
SwissProt Release 57.7 database with only human sequences extracted (20,333 sequences);
of cysteine; variable modiﬁcations: oxidation of methionine; peptide mass tolerance ± 10
a Protein scores greater than 65 were considered signiﬁcant (Pb0.05).
b Only individual ions scores above the signiﬁcance thresholdN37 (identity or extensive
c Only the MALDI-MS sequence coverage is included.
d Only peptides with signiﬁcant individual ion scores N 20 are taken into account.2.2. Electrophoretic separation of mitochondrial complexes and
associated analytical techniques
Homogenized 143B and ρ0 cells were solubilized by digitonin under
the same conditions as used previously for separation by BNE [12,21]
and separated here by CNE and 2D SDS–PAGE [17,21]. Brieﬂy:
sedimented cells (20–50mg; wet weight) were broken in 0.5 ml of
hypotonic solution (83 mM sucrose, 6.6 mM imidazole/HCl, pH 7.0)
using a tightly ﬁtting glass/Teﬂon homogenizer. The total volume was
apportioned into aliquots corresponding to 20 mg of cells and then
sedimented by 10 min centrifugation at 20,000×g. The sediment
containing nuclei, larger cell fragments, and mitochondria was ho-
mogenized with 35 µl of buffer (50 mM NaCl, 2 mM 6-aminohexanoic
acid, 1 mM EDTA, 50 mM imidazole/HCl, pH 7.0) and solubilized by
digitonin. Commonly, 10 µl of digitonin (20%) was added for sol-
ubilization. Use of special nonstandard digitonin amounts is indicated in
theﬁgure legends. Following10 min of centrifugation at 100,000×g, the
supernatant was recovered and supplementedwith 5 µl of 70% glycerol,
0.01%PonceauS dye, and the total volume (around50 µl)was applied to
two gel wells for CNE (0.5×0.15 cm).
Coomassie and silver staining were performed as described
recently [22,23]. The in-gel ATP hydrolysis assay followed the protocol
of Zerbetto et al. [24].
2.3. MALDI-MS and MS/MS analysis
Gel pieces from 2D CN/SDS gels were digested according to the
protocol of Shevchenko et al. [25]. Before proteolysis, each gel spot
was reduced and alkylated using dithiothreitol and iodoacetamide,
respectively. After digestion, the gel pieces were subjected to a two-
step ultrasonic extraction procedure. Initially, the gel pieces were
treated with 50% (vol./vol.) acetonitrile, 0.5% (vol./vol.) triﬂuoroace-
tic acid solution for 15 min, followed by a 15-min extraction in 99.5%rinting.
Sequence
coverage (%)
in MALDI-MSc
Matched peptides
MALDI-MS (MS/MS)
Protein score (peptides)
by LC-MS/MSd
143B ρ0 143B ρ0 143B ρ0
63 59 36 (6) 31 (4) 552 (13) 375 (9)
73 77 38 (7) 34 (5) 400 (13) 401 (13)
50 29 17 (1) 11 (1) 41 (2) 51 (1)
17 4 (1) 65 (1) 66 (1)
53 53 26 (3) 19 (2) 105 (4) 111 (1)
76 73 21 (5) 20 (4) 160 (3) 107 (3)
29 5 (1)
81 75 17 (4) 13 (2) 93 (3) 47 (2)
71 66 8 (1) 6 (0) 65 (2)
43 43 3 (1) 3 (1) 56 (1) 40 (1)
51 51 6 (5) 6 (4) 129 (3) 69 (1)
131 (1) 110 (1)
68 (2)
dM* in Fig. 2A and B): database, NCBInr 20091031 (9,983,056 sequences; 3,406,172,643
sites, 2; ﬁxed modiﬁcations, carbamidomethylation of cysteine; variable modiﬁcation,
analysis used bands M and M* from a 1D CNE gel (Fig. 1B): MS/MS ion search against
enzyme: trypsin; max missed cleavages: 1; ﬁxed modiﬁcations: carbamidomethylation
ppm, fragment mass tolerance: ± 0.6 Da.
homology; Pb0.05) are taken into account.
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combining all supernatants, the samples were dried at 45 °C under
reduced pressure in a centrifuge system and redissolved in 10 µl 50%
(vol./vol.) acetonitrile, 0.5% (vol./vol.) triﬂuoroacetic acid solution.
MALDI sample preparation was done as previously published [26]. All
MS and MS/MS data were acquired on a 4800 MALDI TOF/TOF™
Analyzer (Applied Biosystems, Darmstadt, Germany). For every
digested gel piece, combined MS and MS/MS data were searched
using Mascot™ database search engine v2.2 (Matrix Science Ltd., UK;
ref. [27]; search parameters, see legend to Table 1). All other mass
spectrometric settings and the data extraction, except for the gen-
eration of combined MS and MS/MS data, were described previously
[26]. Mascot Generic Format (MGF) of MS and MS/MS spectra were
retrieved using the Peaks2Mascot feature, exporting up to 100 peaks
per MS—and 65 signals per MS/MS spectrum, each requiring a min-
imum signal-to-noise of 5.
In-gel digests and MS data acquisition of the pre-IF1-containing gel
piece (Fig. 4)were done as described previously [28]. Theoretical tryptic
digestion for the data interpretation was performed using Biotools2.2
(Bruker Daltonics, Bremen) and protein sequences from the Swiss-Prot
database (www.expasy.org). Mass accuracy was 200 ppm.
2.4. ESI LC-MS/MS analysis
The proteins separated on a 1D CNE gel were ﬁxed in 50%methanol
and 10% acetic acid, Coomassie-stained, and washed several times
with water. The respective gel spots were excised and in gel digested
with trypsin as essentially described by Collins et al. [29] except that
reduction and carbamidomethylation of cysteines were done in gel
before digestion. The resulting peptides were separated on a reversed
phase C18 column in a 90-min nano-HPLC run with an increasing
acetonitrile gradient from 5% to 45% in 50 min containing 0.1% formic
acid. The eluted peptides were online submitted to ESI-MS/MS
analysis on a Thermo Scientiﬁc LTQ Orbitrap XL mass spectrometer.
The MS data were acquired by a full scan in a mass range of 300 to
2000m/z followed by CID fragmentation of up to top 5 peptideswith a
charge higher than 2. Peak lists were generated by Xtract_MSn
(Thermo Scientiﬁc) and searched using Mascot Server (version 2.2)
against a human protein database extracted from SwissProt (releaseFig. 1. Assembly and oligomerization of human ATP synthase in 143B and ρ0 cells. (A) Full d
PCR product comprising nucleotides 3153–3551 on mitochondrial DNA was identiﬁed in th
served as a loading control. No template was added to control lanes C. (B) Sedimented 143B a
digitonin. The protein extracts (25 µl) were loaded on 0.5×0.15-cm gel wells of a 3.5–13%
amounts (5 µl of digitonin 20% for 10 mg of cells) considerably smaller amounts were used he
9, and 1/2 for lanes 5 and 10. M, D, T, H, monomeric, dimeric, tetrameric, and hexameric fu
intermediates from ρ0 cells lacking subunits a and A6L. F1, F1-headpiece of ATP synthase.57.7). TheMascot search settingswere as following:maximummissed
cleavages 1, precursor mass tolerance 10 ppm, fragment ion tolerance
0.6 Da, modiﬁcations allowed: carbamidomethylation of cysteine
(ﬁxed) and oxidation of methionine (optional). Only peptides with
signiﬁcant individual ion scores greater than 20 were accepted.
3. Results
3.1. Identiﬁcation of large ATP synthase assembly intermediates in
human ρ0 cells
To search for the largest assembly intermediate of ATP synthase
that can be assembled in the absence of mitochondrially encoded
subunits a and A6L, we used ρ0 cells derived from human 143B
osteosarcoma cells. Complete loss of mitochondrial DNA was veriﬁed
by PCR as shown in Fig. 1A. Homogenated 143B and ρ0 cells were then
dissolved by the mild detergent digitonin, and the mitochondrial
complexes were separated by CNE that is known to optimally pre-
serve physiological protein assemblies. The separated forms of ATP
synthase or assembly intermediates were then visualized by an in-gel
ATP hydrolysis/lead phosphate precipitation assay (Fig. 1B). Since the
solubilization of ATP synthase is detergent-dependent and increasing
digitonin amounts dissociate oligomeric ATP synthase to smaller and
even monomeric forms, we varied the addition of digitonin per gram
of mitochondrial protein to ﬁnd comparable conditions for the
143B and ρ0 cells. Very low amounts of ATP synthase or assembly
intermediates were solubilized from 143B and ρ0 cells (Fig. 1B, lanes 1
and 6) when very low digitonin amounts were used (2.5 µl of 10%
digitonin for 20 mg of sedimented cells). This is 1/8 of the digitonin
amounts commonly used for complete solubilization of mitochondrial
membranes. Adding slightly more digitonin (1/6, 1/4, 1/3, and 1/2 of
the commonly used amounts), the extractable ATPase activity
increased comparably for the 143B and the ρ0 cells (Fig. 1B, lanes 2–
5 and 7–10), suggesting that the digitonin–protein ratios were
optimally set and comparable for both cell types. However, qualitative
and quantitative differences between 143B and ρ0 cells were noticed.
First of all, the amount of assembly intermediate M* from ρ0 cells was
reduced compared to monomeric ATP synthase (M) from 143B cells,
as suggested by the ATP hydrolysis/lead phosphate precipitationepletion of mitochondrial DNA in the ρ0 cells is shown by quantitative PCR. The 399-bp
e parental 143B cells but not in the ρ0 cells. A 238-bp PCR product from nuclear DNA
nd ρ0 cells (10 mg; wet weight) were homogenized, sedimented again, and extracted by
acrylamide gradient gel for separation by CNE. Compared to commonly used digitonin
re: 1/8 for lanes 1 and 6; 1/6 for lanes 2 and 7; 1/4 for lanes 3 and 8; 1/3 for lanes 4 and
lly assembled ATP synthase. M*, D*, T*, monomeric, dimeric, and tetrameric assembly
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the F1-subunits in 2D CN/SDS gels (Figs. 2A and B). Concomitantly, the
amounts of dimeric (D*) and of tetrameric (T*) assembly intermedi-
ates—the latter being just detectable in the original gel—were also
considerably reduced compared with the dimers (D), tetramers
(T), and hexamers (H) of ATP synthase in 143B cells. Assembly
intermediate M* always showed a considerably higher staining
intensity compared to the dimeric form D* (Fig. 1B, lanes 7–10),
which is in clear contrast to the situation in 143B cells. The intensity of
the dimer band from 143B cells was comparable to themonomer band
(Fig. 1B, lanes 3 and 4) or even higher than the intensity of the
monomer (Fig. 1, lane 2). We conclude that the shift of the relative
intensities towards the monomeric form in the ρ0 cells indicated a
reduced stability of the higher-order structures compared to the
situation in healthy mitochondria. This conclusion is also supported
by the detection of F1-sector in ρ0 cells (Fig. 1B, lanes 7–10). Either no
further subunits assembled with F1 to generate the larger assembly
intermediate M* or these subunits had dissociated from an interme-
diate complex M*.
3.2. Native masses of partially and fully assembled ATP synthase from ρ0
and 143B cells
Assembly intermediate (M*) was clearly smaller than fully assem-
bled monomeric ATP synthase (M), as evident from the different
migration distances of complexes M and M* in the 1D CN gel (Fig. 1B)
and subsequent 2D CN/SDS–PAGE (Figs. 2A and B). Using themonomer
(M, 600 kDa), dimer (D, 1200 kDa), and tetramer (T, 2400 kDa) formassFig. 2. Two-dimensional resolution andmass estimation of fully and partially assembled ATP
were separated by Tricine–SDS–PAGE using 12% acrylamide/6 M urea gels. (A) Separation o
the positions of monomeric (M), dimeric (D), and tetrameric (T) ATP synthase. Faint band
(B) Separation of a large assembly intermediate (M*) from ρ0 cells. The positions of compl
intermediate M* is smaller than complexM. Peptide mass ﬁngerprinting of a speciﬁc gel piec
sequence (see Figs. 3 and 4). (C) Using ATP synthase complexes M, D, and T for mass calibra
(D) and (E) Silver-stained gels, reusing the boxed areas from the Coomassie-stained gels (Acalibration, the apparentmass of assembly intermediate M*was around
550 kDa (Fig. 2C). Mass determination using 2D CN/SDS gels was
preferred here because an internalmarker (yellow arrow) in the 2D gels
(Figs. 2A and B) facilitated comparing the migration distances of
complexes M and M*. The apparent mass difference of about 50 kDa
between complexes M and M* suggested that not many subunits other
than mitochondrial subunits a and A6L (28 and 8 kDa) were missing in
the assembly intermediate M*. Attempts to identify the small protein
subunits by silver staining and to ﬁnd speciﬁc differences between
complexesM andM*were not really effective but comparing the silver-
stained gels (Fig. 2D and E) clearly showed that subunit a was absent in
complex M*, as expected. The unusual position of subunit a below
subunit δ is explained by the anomalous migration of highly hydropho-
bic proteins like subunit a in gels with low acrylamide content [23], e.g.,
the 12% acrylamide/6 M urea gels used here for Tricine–SDS–PAGE.
Highly hydrophobic proteins migrate considerably faster than hydro-
philic proteins of comparable mass in gels with low acrylamide content.
The subunits were assigned with the help of speciﬁc antibodies using
Western blots of dSDS gels [23], i.e., 1D SDS–PAGE on a 12% acrylamide/
6 M urea gel was followed by an orthogonal 2D SDS–PAGE on a 16%
acrylamide gel. The order of migration in the 16% acrylamide gel was
altered to the sequence bNaNOSCPNdNδ [Western blots not shown].
3.3. Mass spectrometric characterization of the composition of assembly
intermediate M*
Bands M and M* from 1D CNE (Fig. 1B) were used to identify the
subunit compositions by LC-MS/MS. For MALDI-MS and MS/MS wesynthase from 143B and ρ0 cells. Strips from CNE gels comparable to Fig. 1, lanes 3 and 8,
f mitochondrial complexes from 143B cells. Coomassie-stained subunits α and βmark
s of further subunits were also assigned for comparison with the silver-stained gels.
exes M* and M relative to an unknown protein (yellow arrow) indicate that assembly
e (boxed red) ﬁtted to the inhibitor protein IF1 together with its mitochondrial targeting
tion, a native mass around 550 kDa was determined for the assembly intermediate M*.
) and (B).
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a few constituents of ATP synthase were not identiﬁed by mass
spectrometry as components of the assembly intermediate M*,
namely subunits a and A6L, subunits c and ε, and accessory proteins
AGP and MLQ. The mitochondrial subunits a and A6L must be lacking
completely after full depletion of mitochondrial DNA. This is evident
from silver staining of 2D gels (Figs. 2D and E) and from antibody
studies (not shown). Subunit ε, a very small subunit of the F1-sector, is
difﬁcult to identify, and it escaped detection by mass spectrometry
also in the 143B control. Similar identiﬁcation problems seem to apply
for the small accessory proteins AGP and MLQ. Subunit c could not be
identiﬁed here by mass spectrometry but was identiﬁed by a speciﬁc
antibody onWestern blots (Fig. 3). Another protein that can associate
with the ATP synthase under certain conditions, the IF1 inhibitor
protein, was also identiﬁed by a speciﬁc antibody that revealed
surprising differences between 143B and ρ0 cells. Analyzing 143B
cells, the 9.5-kDa IF1 inhibitor was found associated with the dimeric
and tetrameric forms of ATP synthase but not with the monomer.
Similarly, the antibody recognized IF1 from ρ0 cells at the positions of
the dimeric assembly intermediate (D*) and at the position of free F1-
sector. Surprisingly, the antibody also identiﬁed a protein at the
positions of complex M* and of free F1 complex that was 2–3 kDa
larger than the mature IF1 protein. Knowing that the mitochondrial
transit sequence of the IF1 protein comprises 25 amino acids, we
considered the possibility that the upper band represents pre-IF1
together with the uncleaved import sequence and searched our mass
spectrometric data. Peptide mass ﬁngerprinting of a speciﬁc gel piece
in the M* column of subunits (boxed red in Fig. 2B) revealed several
fragments that can be assigned to mature IF1 and one fragment that
ﬁts to the expected transit sequence (Fig. 4).
4. Discussion
Assembly of ATP synthase has been extensively studied, especially
in yeast (see [30] for a recent review). It is clear that assembly of the
F1-ATPase occurs independently of the FO-part and the stator [31–33],
but the sequence of subunit interactions in the assembly modules and
between the modules is not exactly known. We were especiallyFig. 3.Western blots of 2D BNE/SDS gels similar to Figs. 2A and B. (A) Analysis of 143B contro
β, and γ revealed the positions of monomeric (M), dimeric (D), and tetrameric (T) ATP syntha
F1-sector of ATPase (F1) were identiﬁed in ρ0 cells. (Central panels) A speciﬁc IF1 antibody
synthase in the control cells. In ρ0 cells, mature IF1 was bound to complexes D* and F1. The s
sector in ρ0 cells were assigned to non-processed IF1 (pre-IF1) still containing the mitochondr
subunit c antibody identiﬁed subunit c as part of all forms of assembled ATP synthase in cointerested to ﬁnd out whether subunits a and A6L in mammalian
mitochondria are the last subunits that complete the assembly of ATP
synthase, as suggested by previous work on yeast [14,15] and
bacterial ATP synthase [16]. Already in 1988, Hadikusumo et al. [14]
obtained evidence from immunoprecipitation analysis that yeast
subunits 9, 8, and 6 (homologs of mammalian subunits c, A6L, and a)
assembled in this order to membrane-bound F1. In 1995, Tzagoloff
et al. [15] gave a more detailed sequence of events and suggested that
assembly of the c-ring in yeast is followed by binding of F1-sector,
Atp8p, stator arm, and Atp6p, in this order. Very recent work by Rak
et al. [19] furthermore suggested that a large assembly intermediate
of ATP synthase from yeast lacking subunit a (Atp6p) can be isolated
provided that mildest detergents for membrane solubilization
(digitonin) and protein separation by CNE are applied. The yields
were just sufﬁcient to identify subunits of the F1-part (Atp3p), of the
FO-part (subunit c or Atp9p) and of the peripheral stalk (subunit b or
Atp4p, and subunit d or Atp7p) onWestern blots of the large assembly
intermediate. However, the situation might be different in mamma-
lian mitochondria, especially since two subunits (a and A6L) are
mitochondrially encoded in mammals in contrast to three subunits in
S. cerevisiae (Atp6p, Atp8p, and Atp9p).
Here we show that in human mitochondria lacking both
mitochondrially encoded subunits ATP synthase can assemble to a
large complex (M*) with a mass around 550 kDa, which is about
50 kDa smaller than the fully assembled ATP synthase (597 kDa). The
observed small mass difference suggested that not many proteins
other than subunits a and A6L (24.8 kDa and 8.0 kDa) can be missing,
and that the large subunit c-ring (76 kDa for the decameric c-ring) is
part of complex M*. Furthermore, a breakdown product of complex
M* from ρ0 cells under the harsher conditions of BNE, the so-called F1–
z complex contained a ring of c-subunits [12]. Using mass spectro-
metric and immunological techniques, we identiﬁed here all nuclear-
coded subunits of fully assembled ATP synthase except subunit ε and
the small accessory proteins AGP and MLQ [28]. Subunit ε is a very
small protein that is difﬁcult to identify and escaped detection also in
the 143B control. It is a tightly bound subunit of the F1-sector, which
should always be present when the other subunits of the F1-sector (α,
β, γ, and δ) are identiﬁed, since the α and β subunits are the ﬁrst tol cells. (B) Analysis of ρ0 cells. (Upper panels) Amixture of antibodies against subunitsα,
se in the control cells. Monomeric and dimeric assembly intermediates (M* and D*) and
revealed mature IF1 (IF1) bound to dimeric and tetrameric but not to monomeric ATP
ignal intensities associated with the monomeric assembly intermediate M* and the F1-
ial targeting sequence. For mass spectrometric data, see Fig. 4. (Lower panels) A speciﬁc
ntrol cells and also of the assembly intermediate M* in ρ0 cells.
Fig. 4.Mass spectrometric analysis focussing on subunits of the human ATP synthase assembly intermediate M* in the 11- to 13-kDa mass range. A gel piece from a 2D BNE/SDS gel
(boxed red in Fig. 2B) was used for peptide mass ﬁngerprinting. (A) MS spectrum of a tryptic digest. Red numbers mark fragments of the ATP synthase inhibitor protein IF1 that
correspond to sequence stretches underlined in (B). Peaks 1–23 match the amino terminal 23-amino acid stretch of the mitochondrial targeting sequence of the IF1 precursor.
Crosses (x) mark fragments of ATP synthase subunit g. Asterisks (*) mark the most intense background peaks. The x-axis displays the mass-to-charge ratio (m/z) or the mass, since
the charge in MALDI-MS is z=1. The y-axis was scaled to an absolute intensity (Abs. Int.) of 3000, which truncated peaks with higher intensity. (B) The bar plot aligns tryptic IF1
fragments to the protein sequence (SwissProt Q9UII2). The arrow indicates the amino terminus of the mature human IF1 protein.
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MS might concern also the small accessory proteins AGP and MLQ
[28,35]. We conclude that assembly intermediate M* most likely
contains all protein subunits except the mitochondrial subunits a and
A6L and potentially the accessory proteins MLQ and AGP. This means
that the sequence of ATP synthase assembly events as suggested by
Tzagoloff et al. for yeast [15] (assembly of the c-ring followed by
binding of F1-sector, Atp8p, stator arm, and Atp6p) must be modiﬁed
for mammalian ATP synthase. In mammalia, the probable sequence of
events is as follows: assembly of the c-ring followed by binding of F1-
sector, stator arm, and ﬁnally of subunits a and A6L because both
subunits a and A6L (Atp6p and Atp8p) are absent in human ρ0 cells
and yet all stator components were identiﬁed in complex M*.
Assembling the proton pump component, i.e., the subunit a/subunit
c interface, as the ﬁnal step in the biogenesis of ATP synthase might be
important to avoid problems with the partially assembled FO sector.
Partially assembled FO complex is able to exchange protons across the
membrane and thus able to dissipate the membrane potential [15].
Previously, using the harsher separation technique BNE instead of
CNE, a so-called F1–z complex containing the subunits of the F1-
domain, the natural inhibitor protein IF1 and a ring of c-subunits was
the largest complex from ρ0 cells that was sufﬁciently stable for
isolation [12]. In light of the current isolation of assembly interme-
diate M* by CNE, the F1–z complex must be regarded as a dead-end
result of breakdown of the M* complex and not as an assemblyintermediate. Structural stabilization of the holo-complex is thus an
important role of the two subunits a and A6L, as revealed by the
considerably differing stability of complexes M and M* containing or
not containing subunits a and A6L under the conditions of BNE. It
seems reasonable to assume that structural stabilization of the holo-
complex by subunits a and A6L is relevant to some extent also in the
membrane.
We also show that the assembly intermediate M* can form
oligomeric structures in the absence of the mitochondrial subunits a
and A6L although at considerably reduced amounts and with obvious
signs of structural instability of the oligomers. The lack of subunits a
and A6L in human ρ0 cells had a comparable destabilizing effect on
ATP synthase dimers/oligomers like in yeast cells lacking subunit a
that did not evidence dimers/oligomers [19]. Similar destabilizing
effects were observed also in yeast null mutants of subunits e and g.
Therefore, we favour the view that components of the peripheral stalk
contribute to the primary interaction between two monomers of ATP
synthase, which is then stabilized by subunit e–g interactions
(presumably also in mammals as suggested by the work of Bisetto
et al. [36]), and ﬁnally by c–a2–c bridges in yeast and mammals. Such
c–a2–c bridges that have been postulated to link two ATP synthase
monomers together have been previously identiﬁed in yeast [34]. A
role of subunit e in self-association of ATP synthase has been
postulated not only in yeast [37] but also in mammals [36] because
degradation of subunit e in bovine heart mitochondria altered the
1010 I. Wittig et al. / Biochimica et Biophysica Acta 1797 (2010) 1004–1011oligomeric distribution of ATP synthase. Together, it seems reasonable
to assume that the dimer/oligomer stabilizing effects of subunits e/g
and a/A6L are additive in human and yeast cells.
The natural inhibitor protein is another candidate that potentially
stabilizes ATP synthase dimers/oligomers in mammals because IF1
has been shown to enhance dimer formation of free F1 parts of bovine
ATP synthase [38]. The yeast inhibitor protein, in contrast, has been
shown to be not required for dimerization [39] and oligomerization
[34]. Here we found no detectable amounts of mature IF1 protein
associated with the monomeric ATPases, M and M*, in 143B con-
trol and ρ0 cells, respectively. All mature IF1 was bound to dimeric/
oligomeric ATPase and to individual F1 parts in ρ0 cells. Binding of IF1
to oligomeric ATP synthase seems not inhibitory, but it increases ATP
synthesis in cells with IF1 overexpression [40]. One important
physiological role of IF1 seems inhibition of F1 assembly intermediates
to avoid futile ATP hydrolysis. Other roles of IF1 seem to correlate with
the binding of IF1 to oligomeric structures of ATP synthase and have
been postulated to be involved in the regulation of mitochondrial
structure and function [40].
Analyzing ρ0 cells, the speciﬁc IF1 antibody detected also another
protein with a mass around 12 kDa as part of the M* complex and of
the F1-domain, but no detectable amounts were bound to the dimeric
complex D*. Based on the Western blot (Fig. 3) and on peptide mass
ﬁngerprinting that revealed a 23-amino acid fragment of the mito-
chondrial targeting sequence of IF1 (Fig. 4), we regard this protein as
the nonprocessed precursor of IF1 (calculated mass of 12.2 kDa),
although the criteria for mass spectrometric protein identiﬁcation
were not fully matched here due to contamination of the PMF
spectrum by Trypsin fragments and by the ATPase subunit g with
similar size (11.0 kDa). A speciﬁc association of the putative pre-IF1
with M* but not with D* is expected if the mitochondrial targeting
sequence must be cleaved from pre-IF1 to allow for dimerization of
the monomeric ATPases M* and M. Thus, pre-IF1 might act as
stabilizer/inhibitor of F1 and M* assembly intermediates. Although
pre-IF1 has not yet been analyzed for its potential to inhibit free and/
or membrane-bound F1, we think that inhibition is well possible and
in accordance with the crystal model of the IF1–F1 complex, especially
since the N-terminal targeting sequence should be able to penetrate
the space between speciﬁc subunit α/β interfaces like the N-terminal
sequence stretch of mature IF1 [41]. Given that binding of IF1 to
oligomeric structures of ATP synthase is involved in the regulation of
mitochondrial structure and function as previously postulated [40], it
seems important to identify the trigger(s) for the proteolytic cleavage
of the targeting sequence and the involved protease. In our opinion, it
seems unlikely that the matrix processing protease is involved in a
speciﬁc regulatory event.
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